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Living (biotic) and non-living (abiotic) factors drive the function of ecosystems across a 
variety of scales from the root-soil interface to the watershed. Biotic and abiotic global 
change pressures such as increasing temperature and invasive species are shifting how 
ecosystems function. Thus, exploring and understanding how these factors shape function 
across the landscape is an important research area. For example, climate change both 
directly and indirectly affects soil microbial functions – such as carbon mineralization and 
nitrogen transformations – through increasing activity under warming and altering inputs 
to the soil through species composition changes. Mountains provide a useful tool for 
studying relationships among biotic and abiotic factors because climate and species 
diversity shift along gradients. Here, I measured carbon and nitrogen soil processes as well 
as microbial extracellular enzyme activity along an elevational gradient to explore how 
changes in climate, edaphic properties, and biotic composition affects ecosystem function. 
As expected, climate and species composition varied in predictable ways along the gradient 
– actual evapotranspiration declined, and conifer dominance increased. Soil functions also 
shifted along the gradient. Potential carbon mineralization increased with elevation and 
with conifer dominance. Potential nitrogen mineralization rates increased with elevation 
and with conifer dominance. Surprisingly, there were few predictors for potential soil 
nitrification, which increased only with soil functional diversity. While temperature and 
moisture availability drive ecosystem function at broad scales and biotic factors typically 
drive function at the regional scale, we saw that function of soils at the mountain watershed 
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CHAPTER 1: COMPREHENSIVE LITERATURE REVIEW 
1.1 INTRODUCTION 
Forests and their soils provide numerous ecosystem functions (i.e. the physical, 
geochemical, and biological processes that take place within an ecosystem) ranging from 
water purification to nutrient mineralization to carbon sequestration (Mooney et al. 2009). 
Yet, forests in the northeastern United States face pressures from climate and looming pest 
and disease outbreaks (e.g. hemlock wooly adelgid, emerald ash borer, and the newly 
reported beech leaf disease) that may reduce, and in some cases eliminate, major canopy 
species (Hayhoe et al 2007; Ellison et al. 2018; Robertson et al. 2018; Ewing et al. 2018). 
Changes to climate and aboveground biota cascade to affect belowground systems, and 
these interactions between the aboveground and belowground are important to shaping the 
ecosystem functions that forests and their soils provide (van der Putten 2012; Classen et al. 
2015). For example, while largely controlled by soil temperature, moisture, and pH, 
functions such as carbon and nitrogen cycling are also influenced by the traits of the 
dominant aboveground species, as these species determine chemical inputs to soil (Hooper 
and Vitousek 1997; Bardgett and Shine 1999). Thus, understanding how forest plants, soils 
and climate interact with one another to provide ecosystem functions is an important 
research challenge. 
My thesis incorporates several measures of soil ecosystem functioning – rates of 
carbon mineralization, nitrogen mineralization, and activity of seven extracellular 
microbial enzymes – across an elevational gradient to explore how abiotic and biotic 




illuminating how these natural systems may respond to global changes (Fukami and 
Wardle, 2005). Specifically, observational gradients can reveal processes that take place 
over a longer time span and larger spatial scale than the typical experimental design will 
capture (Wolkovitch et al. 2012). Mountains offer a valuable setting to study ecosystem 
function, as they harbor gradients of temperature that vary predictably with elevation 
(Barry, 2008) and, consequently, gradients in soil moisture and species composition 
(McCain and Grytnes 2010). Mountains are also important study systems because high 
elevation ecosystems are often more sensitive to changes due to their relatively harsh 
environments (Korner 2003). Further, soil functions are heterogenous across mountain 
landscapes due to a variety of interacting factors ranging from the scale of the root-soil 
interface to the watershed. Understanding both the patterns and controls of ecosystem 
functions across the landscape improves our ability to make predictions about how these 
functions will respond to future change in global changes (Fukami and Wardle, 2005) and 
helps inform decisions to manage the ecosystem services to which these soil functions are 
tied (Jandl et al. 2006). 
 
1.2 BIODIVERSITY ECOSYSTEM FUNCTION 
The relationship between biodiversity and ecosystem functioning has been a focus of much 
ecological research the past few decades, but these relationships have not been widely 
studied in forested systems (Nadrowski et al. 2010; Liang et al. 2016). Across grassland 
experiments, plant functional groups (Hooper and Vitousek 1997) and functional diversity 




greater degree than richness. Differences among these diversity-function relationships may 
arise because of the diverse combinations of functional traits represented in an ecosystem 
(Chapin et al. 2000). Changes in biodiversity and species distributions can have a strong 
influence on ecosystem function when a species that is lost or changes abundance has a 
trait that produces a strong ecosystem effect (Chapin et al. 2000; Hooper et al. 2005). For 
soil functions specifically, there is evidence that plant species dominance is more important 
than richness, where the functional traits of the dominant species are the controlling factor 
because they determine the major inputs to soil (Hooper and Vitousek 1997; Bardgett and 
Shine 1999; Korthals et al. 2001; but see Zak 2003). This is complicated as abiotic 
conditions, such as climate or heterogeneity of soil conditions, can alter species functional 
traits differently to indirectly affect ecosystem functions (Lavorel and Garnier 2002; 
Hooper et al. 2005). For example, Tjoekler (1999) found that increases in temperature 
increases the C:N ratio in plant litter, but this effect is greater for conifer species. Abiotic 
drivers can therefore lead these relationships to be context specific.  
Furthering functional biodiversity research in the context of complex natural 
ecosystems is important not only for informing management decisions, but also for 
understanding basic ecological patterns (Hildebrand et. al 2009). This is particularly 
relevant in forests, which have recently received more attention in this branch of ecology 
(Ratcliffe et al. 2015; Brockerhoff et al. 2017), though forestry sciences have been 
exploring the effect of mixed stands on biomass production for centuries (Pretzch 2005). 
Recent globally synthetic literature has demonstrated positive effects of biodiversity on 




and services in response to changes in forest diversity (Nadrowski et al. 2010; Brockerhoff 
et al. 2017). While the overstory is dominant in terms of cover, biomass, and litter 
production, the forest herbaceous layer also has potential significance to nutrient cycling 
and carbon dynamics as well. A study from Hubbard Brook Experimental Forest found that 
herbaceous plants provided up to 16% of a forest’s total litterfall, which had concentrations 
of nitrogen and phosphorus that were 30% higher than the overstory, twice the Mg and K, 
and decomposed at least two times faster than litter from the overstory (Muller et al. 2003). 
This high concentration of nutrients can facilitate increased nutrient and carbon turnover 
rates in forest soils (Gilliam 2007). Plant diversity has also been shown to increase both 
the biomass and activity of soil microbes (Steinauer et al. 2015), and community function 
(Zak et al. 2003) 
1.3 NUTRIENT CYCLING 
Nitrogen is a central component in both chlorophyll and amino acids – thus, when plant 
assimilable nitrogen is too low, aboveground net primary productivity is constrained 
(Vitousek and Howarth 1991). Plant assimilable forms of nitrogen are synthesized through 
the microbially driven processes of nitrogen mineralization (production of ammonium and 
other simple soluble forms of nitrogen) and nitrification (production of nitrate). Nitrogen 
mineralization occurs when substrates meet microbial nitrogen demand and simple forms 
of soluble nitrogen are released into the soil, though nitrification is constrained by 
ammonium supply (Robertson and Groffman 2015). As they are microbially mediated 
processes, nitrogen mineralization and nitrification are affected by both direct and indirect 




aboveground species composition (Mitchell et al. 1996; Lovett and Mitchell 2004). These 
processes are often used as an indicator of soil nitrogen dynamics and availability and are 
typically reported as potential net nitrogen mineralization and potential net nitrification, 
though measured using a variety of different methods (Hart et al. 1994). These rates are 
deemed “potential” because any method of measurement that involves disturbing the 
microbial community may not be directly reflective of in situ rates (Hart et al. 1994, Ross 
and Hales 2003), though they are referred to thus-forth as ‘nitrogen mineralization rates’ 
and ‘nitrification rates’ in this document. Net rates are also not necessarily indicative of 
gross rates of microbial transformation, as microbial communities may be able to uptake 
much of the nitrogen they transform (Stark and Hart 1997). When plant assimilable 
nitrogen is available in excess, nitrate can easily run off due to its mobility as an anion and 
contribute to water quality problems and eutrophication downstream (Driscoll et al. 2003). 
This condition can arise under excess atmospheric nitrogen deposition, though long-term 
studies of experimental nitrogen additions have shown conflicting patterns in nitrate 
concentrations in streams, which suggests that other major factors contribute to 
determining stream nitrate export (Aber et al. 2003).  
Both observational and experimental studies report a range of variables, from C/N 
ratio to fire history, that are related to nitrogen transformation rates across spatial scales. 
This difference in what drives nitrogen transformations across scales likely reflects the high 
spatial variability of microbial processes in forest soils (Ross and Wemple 2011). Among 
these studies, both positive and negative influence of specific overstory and understory 




(Gillam et al. 2001; Lovett and Mitchell 2004). For example, studies have observed lower 
rates of nitrogen mineralization and nitrification in the soil beneath hemlock trees (Tsuga 
canadensis), greater nitrification rates with increased density of sugar maple (Acer 
saccharum) (Lovett and Mitchell 2004), and lower nitrification rates with increased density 
of red spruce (Picea rubens) (Ross and Wemple 2011). Mortality of specific trees species 
also shifts nitrification rates – Jenkins et al. (1999) reported large increases in nitrification 
in areas experiencing hemlock mortality. They predicted that the loss of hemlock would 
increase nitrate leaching because plant uptake of nitrogen was reduced with plant death. 
Altered abiotic factors in the absence of changes to plant communities can have a 
considerable effect on nitrogen transformation rates. In a 7-year soil warming experiment, 
net nitrogen mineralization increased 45% in warmed plots relative to unheated control 
plots (Mellilo et al. 2011).  Increased elevation has also been shown to be a predictor of 
higher nitrification rates despite cooler temperatures, though this has been attributed to 
greater soil moisture, change is species composition, and atmospheric nitrogen deposition 
(Knoepp and Swank 1998; Bonito et al. 2003). Knoepp and Vose (2007) found in a 
reciprocal transplant experiment that soils had significant changes in nitrogen 
transformations in response to changes in climate. Clearly both biotic and abiotic factors 
influence nitrogen cycling, though biotic factors may be more important predictors of rates 






1.4 CARBON CYCLING 
Forests account for half the world’s terrestrial carbon (temperate forests accounting for 
~10% of the total) (Bonan 2008), two-thirds of which is estimated to be stored in soil 
(Dixon et al. 1994). Soil organic matter is developed primarily through the decomposition 
of leaf and root litter, plant root exudates, and microbial necromass. This decomposition 
can take place over the scale of a few days to several decades (Horwath 2015). Soil 
communities, including bacteria and fungi, use soil carbon to build their biomass and some 
of this carbon is released to the atmosphere during microbial respiration. Thus, even small 
shifts microbial carbon processing at a local scale can scale over large areas to significantly 
impact carbon feedbacks to the atmosphere (Davidson and Janssens 2006; Bellard 2012). 
Thus, global changes both directly and indirectly affect this microbial process though 
increasing microbial activity under warming (Kirschbaum 1995; Davidson and Janssens 
2006), altering aboveground inputs to the soil through the redistribution of dominant 
species (Hooper and Vitousek 1997), and altering individual plant functions (Kardol et al. 
2010).  
While temperature is the primary control over carbon mineralization rates at broad 
scales (Kirschbaum 1995), the effect that warming will have on this relationship is still 
under debate (Allison et al. 2010; Romero-Olivares et al. 2017; Bradford et al. 2019) and 
responses vary with substrates (Frey et al. 2013). Meta-analyses of soil warming 
experiments found 20% (Rustad et al. 2001), 12% (Wu et al. 2011), and 9% (Lu et al. 2013) 
increases in soil respiration under warming treatments, while a more recent publication by 




to similar levels of soil respiration to control plots. This attenuation of heightened soil 
respiration in response to warming could be due to declines in microbial biomass and 
carbon use efficiency, though adaptation or changes to microbial community composition 
could alter this relationship (Allison et al. 2010). Additionally, changes to species 
composition (for example, from conifers to deciduous) could also influence soil carbon 
cycling, as the litter of hardwoods has a lower carbon to nitrogen ratio and is more easily 
decomposed (Wright et al. 2004). For example, an experiment of varying litter quality 
inputs to a pine plantation found that after 28 months, significant changes to SOC 
composition were apparent, likely due to changes in microbial composition (Wang et al. 
2016). While these experiments provide information on the mechanism and direction of 
the response of soil functions to global change pressures, experimental results may not 
accurately forecast the magnitude of response (Wolkovitch et al. 2012). Thus, both 
experimental and observational studies are needed to explore the effects of long-term of 
global change pressures on soil ecosystem function (Eisenhauer et al. 2016). 
 
1.5 MICROBIAL ACTIVITY 
Extracellular enzymes are excreted by microorganisms to degrade organic substrates into 
assimilable forms (Sinsabaugh et al. 1994), and thus regulate soil ecosystem processes that 
drive carbon and nutrient cycles in their maintenance of the soil microbial community 
(Allison et al. 2010; Burns et al. 2013). These enzymes can be used to better interpret soil 
ecosystem functioning because they give insight into the activity of the microbes that drive 




carbon and nitrogen cycling are performed by many species of microorganisms, and in 
most circumstances the loss of any one species or group would likely do little to impact a 
single function (Griffiths et al. 1997; Nannipieri et al. 2003). Therefore, the functional 
diversity of a microbial community is most often more informative of a soil's ability to 
utilize substrates than taxonomic diversity due to functional redundancy between species 
and groups (O’Donnell et al. 2005) – especially considering the difficulty in identifying 
individual species (Hooper et al. 2000). While indices of multiple enzyme activities have 
been related to microbial functionality and overall microbial activity (Caldwell 2005), 
levels of individual enzymes are more informative of specific soil processes. For example, 
nitrous oxide and nitrogenase have been used as indicators to estimate nitrogen cycling 
rates (Tate, 2002). Additionally, a study by Rodriguez-Loinaz and colleagues (2008) found 
that forest understory diversity positively influenced microbial functional diversity in 
general, as calculated from multiple enzyme activities. An assumption of enzyme assays is 
that they provide only the potential extracellular enzyme activity, which, like potential 
nitrogen and carbon mineralization, may not be directly reflective of in situ activity because 
these assays measure the maximum rate of activity at a given temperature when not limited 
by substrate availability or diffusion (Wallenstein and Weintraub 2008). 
 
1.6 OBSERVATIONAL STUDY 
In this thesis, I explore relationships between biodiversity, climate, and soil ecosystem 
functions along an elevational gradient in Vermont. In July 2018, I established 23 10-meter 




above sea level. At each plot, I recorded several measures of overstory and understory plant 
biodiversity, stand properties, topographic features, and climate to ask how these measured 
factors might influence soil ecosystem function. I then collected three soil cores from the 
top ten centimeters below the litter layer at each plot within a three-day period in order to 
measure basic soil properties and microbially driven ecosystem functions. I used a 28-day 
incubation to determine rates of net nitrification, net nitrogen mineralization, and carbon 
mineralization for each core. I then measured the activity of seven extracellular enzymes 
important to carbon degradation, and nitrogen and phosphorus acquisition, which are 
among the ten most commonly assayed enzymes for soil and litter (German et al. 2011). 
To analyze the resulting data, I first made bivariate linear models to assess the strength of 
ecologically relevant predictor variables on each function. I then made a correlation matrix 
to determine co-varying factors in the full dataset of predictor variables and removed 
predictors with a correlation coefficient greater than 0.5, keeping the most relevant 
predictor variables from these groups based on a priori knowledge. I used these predictor 
variables in a forward moving stepwise regression with the remaining uncorrelated 






CHAPTER 2: SOIL ECOSYSTEM FUNCTIONS ALONG AN ELEVATIONAL 








Living (biotic) and non-living (abiotic) factors drive the function of ecosystems across a 
variety of scales from the root-soil interface to the watershed. Biotic and abiotic global 
change pressures such as increasing temperature and invasive species are shifting how 
ecosystems function. Thus, exploring and understanding how these factors shape function 
across the landscape is an important research area. For example, climate change both 
directly and indirectly affects soil microbial functions – such as carbon mineralization and 
nitrogen transformations – through increasing activity under warming and altering inputs 
to the soil through species composition changes. Mountains provide a useful tool for 
studying relationships among biotic and abiotic factors because climate and species 
diversity shift along gradients. Here, I measured carbon and nitrogen soil processes as well 
as microbial extracellular enzyme activity along an elevational gradient to explore how 
changes in climate, edaphic properties, and biotic composition affects ecosystem function. 
As expected, climate and species composition varied in predictable ways along the gradient 
– actual evapotranspiration declined, and conifer dominance increased. Soil functions also 
shifted along the gradient. Potential carbon mineralization increased with elevation and 
with conifer dominance. Potential nitrogen mineralization rates increased with elevation 
and with conifer dominance. Surprisingly, there were few predictors for potential soil 
nitrification, which increased only with soil functional diversity. While temperature and 
moisture availability drive ecosystem function at broad scales and biotic factors typically 
drive function at the regional scale, we saw that function of soils at the mountain watershed 







Since Hans Jenny (1941) laid out the state forming factors for soil development - climate, 
organisms, relief, parent material, and time - ecosystem ecologists have been exploring 
how each of these factors, in isolation and in combination, influence the structure and 
function of ecosystems. In general, at broad spatial scales, climate is the largest driver of 
ecosystem function including carbon and nitrogen cycling. In areas that are both warm and 
wet, such as the wet tropics, nitrogen and carbon are both processed quickly, whereas in 
areas limited by temperature and/or moisture, carbon and nutrients are processed more 
slowly (Coûteaux et al. 1995; Davidson and Janssens 2006; García-Palacios et al. 2016). 
Of course, variation in microclimates across gradients – even within a biome or forest – 
can influence ecosystem process rates (Hook and Burke, 2000; Prescott 2002; Perry et al. 
2008). For example, short-term experimental shifts in the temperature or precipitation 
regimes in a forest can lead to a shift in carbon and/or nitrogen mineralization (Orchard 
and Cook, 1983; Davidson and Janssens 2006; Melillo et al. 2011). In a 2001 meta-analysis 
of soil warming experiments, experimental warming significantly increased both soil 
respiration rates (20%) and nitrogen mineralization rates (46%) compared to control plots 
(Rustad et al. 2001). While climate clearly has a strong and direct influence on soil carbon 
and nitrogen cycling, it can indirectly impact nutrient cycling via its influence on plant 
composition and nutrient uptake (Hooper and Vitousek 1997; Kardol et al. 2010; Steinauer 




The composition of plants responds strongly to climate, and plant composition is a 
major driver of carbon and nutrient cycles, especially at local scales (Cornwell et al. 2008; 
Bardgett and Wardle 2010; van der Putten 2012). Diverse forests, for example, tend to have 
faster carbon and nutrient cycling rates relative to less diverse forests (Scherer-Lorenzen 
et al. 2005; Gessner et al. 2010). In fact, the speed of nutrient cycles and decomposition in 
forests often reflects the traits of the trees in those forests (De Deyn et al 2008; Cornwell 
et al. 2008; Zhang et al. 2008). Forests in cool and dry places tend to have trees with 
conservative traits such as long-lived needles that have high nutrient resorption; whereas, 
forests in warmer and wetter places tend to have trees with less conservative traits (e.g., 
high specific leaf area) and faster nutrient cycles (Gholtz et al. 2000; Grime 2001; Westoby 
et al 2002). Thus, the distribution of tree types can indicate a shift in soil nutrient cycling. 
Variation in plant litter quality and plant root exudates can shape ecosystem function 
(Hobbie 1992, Wright et al. 2004) – an influence that can be disproportionally large if a 
species in the community has a trait that produces a strong ecosystem effect (Chapin et al. 
2000; Hooper et al. 2005) or makes up a large proportion of the biomass input to the soil. 
Dominant plants, therefore, are often strong regulators of ecosystem and soil processes 
because they make up the majority of an ecosystems biomass, and thus their traits are often 
the main determinants of the quantity and quality of chemical inputs to soil (Hooper and 
Vitousek 1997; Bardgett and Shine 1999; Kardol et al. 2010). While dominant plants are 
clearly important, sub-dominant and understory plant diversity can also influence carbon 
and nutrient cycling rates (Muller 2003; Gilliam 2007). This effect can be particularly 




fixation, that may increase overall nutrient cycling rates via enhanced decomposition 
(Scherer-Lorenzen et al. 2005; Gilliam 2007). In a New England forest, herbaceous litter 
was found to decompose twice as fast as the litter of overstory (Muller 2003), which could 
contribute to faster carbon and nutrient cycling. Clearly, climate and plant community 
composition both influence the function of ecosystems, but the degree to which changes in 
these drivers will affect soil function in the future is uncertain (Wall et al. 2013). 
Observational studies along gradients can reveal ecological processes that take 
place over a longer time span and larger spatial scale than can be captured with the typical 
experimental design (Fukami and Wardle 2005; Wolkovitch et al 2012), and thus gradients 
can be powerful tools for exploring factors influencing ecosystem functions that may 
develop over long periods of time. Mountain gradients in northern New England, USA, are 
therefore a useful study system for exploring how plant diversity and local-scale climate 
variance influences ecosystem processes such as carbon and nitrogen cycling. New 
England mountains vary somewhat predictively in their climatic regimes, where 
temperature tends to be cooler at high elevations (Barry 2008); however, there is a lot of 
small-scale variation in both temperature and moisture resulting from topography, 
vegetative cover, and aspect along elevational gradients (Geiger 1965). Further, northern 
New England mountains in the USA typically have a higher proportion of conifers at high, 
relative to low, elevations (Vogelmann et al. 1985) suggesting nutrient cycling rates are 
more conservative at high elevations (Prescott et al. 2000). In fact, soil functions are often 
heterogenous across mountain landscapes due to a variety of interacting factors ranging 




gradients in soil moisture and species composition (McCain and Grytnes 2010). Finally, 
mountains are important study systems because high elevation ecosystems are generally 
more sensitive to changes in climate and human disturbance (Willard and Marr 1970; 
Korner 2003).  
Here, we explore how soil ecosystem function changes along elevational gradients 
in a forested Vermont watershed to explore the influence of climate, plant composition, 
relief, and edaphic properties on forest carbon (C) and nitrogen (N) cycling. At Mount 
Mansfield, we established 23 study sites across the Ranch Brook watershed. At each of 
these 23 plots and within a single growing season, we measured climate, overstory and 
understory plant diversity, stand properties, soil physiochemical properties, potential 
carbon and nitrogen cycling, and potential soil enzyme activity. We predicted that the 
proportion of total basal area represented by conifers would increase with elevation and 
that high elevations would be cooler and wetter. Further, we predicted that carbon cycling, 
nitrogen cycling, and soil microbial enzyme activity would be lower in cooler places that 
were dominated by conifers.  
 
2.3 METHODS 
2.3.1 Study area and climate 
We conducted this study in 23 10-m radial plots that we established within the Ranch Brook 
watershed in Stowe, Vermont to explore how climate, relief, and aboveground biodiversity 
relate to patterns in soil processes. Ranch Brook is a 9.6 km2 basin located on the south-




above sea level (m asl). In this watershed, northern hardwood forest begins a transition to 
spruce-fir at approximately 750 m asl. Lower elevation overstory species include beech 
(Fagus grandifolia Ehrh.), sugar maple (Acer saccharum Marsh.), red maple (Acer rubrum 
L.), and yellow birch (Betula alleghaniensis Britt.), while the higher elevation conifer 
forests are dominated by red spruce (Picea rubens Sarg.) and balsam fir (Abies balsamea 
(L.) Mill.). Soils in this basin are stony and acidic podzols, with high elevation soils 
mapped as Lyman-Marlow complexes, while the more northern side of the watershed soil 
are Londonderry-Stratton silt loams; lower elevation soils are Colton-Duxbury loamy 
sands, Marlow very stony fine sandy loams, and Tunbridge-Lyman fine sandy loams (Soil 
Survey Staff, 2018).  
 We selected 23 plots across both the north, east, and south facing aspects of the 
watershed to cover a range of elevation and forest type. Within each plot, aspect and 
percent slope were recorded from the center point with a compass and clinometer, where 
we also used a Trimble GeoExplorer 800 series to determine the plot coordinates. We used 
these coordinates to extract elevation for each plot from LIDAR digital elevation models 
(U.S. Geological Survey, 2017). We also used these coordinates to extract mean annual 
temperature and mean annual precipitation from the PRISM climate database (PRISM 
Climate Group, 2018). We then used Turc’s formula (Turc, 1954) to derive an estimate of 
actual evapotranspiration (AET), which integrates temperature and precipitation. This 
estimation of AET (below) as an index of climate is biologically meaningful as it is related 







AET = P / [0.09 + (P / L)2] 1/2  
 
Where T = mean annual temperature (C), P = mean annual precipitation, and 
 L = 300 + (25)T + (0.05) T3 
 
2.3.2 Plant diversity and cover  
Within each plot, we measured canopy diversity and basal area by species using an angle 
gauge and calculated the proportion of total basal area that was represented by conifers 
(Avery and Burkhart 1983; Ross and Wemple 2011). To assess canopy gaps, we took an 
upward facing hemispherical photograph at each plot center from a height of 50 cm with a 
12-megapixel iPhone camera and 180o fisheye lens attachment, and later processed these 
photos with the software Gap Light Analyzer (Fraser et al. 1999). We visually assessed 
species richness and percent cover for all herbaceous plants, shrubs, and seedlings under 2 
m with six randomly assigned square meter quadrats within each 10-meter radial plot 
(D’Amato et al 2008, Gilliam 2014). Then, we calculated the diversity of the overstory and 
understory with Hurlbert’s probability of an interspecific encounter (PIE), which is the 
probability that two randomly selected individuals are of a different species. Here, PIE was 
derived from cover estimates, and was therefore calculated with replacement. This index 
is simply calculated as 1 minus the sum of the squared relative abundances (Hurlbert 1971).  
 
 




We collected soils from the top 10 cm at three randomly assigned locations within each 10 
m radial plot. The soil samples were collected from all 23 plots within a three-day period 
in early July with no precipitation. We visually assessed depth of horizons present within 
the top 10 cm in the field, and cores were kept cool in transit. We then sieved soils to 4 mm 
due to high organic matter content in a majority of the samples (Owen et al. 2009; 
Yoshitake et al. 2007; Allison and Vitousek 2005) and removed remaining roots by hand. 
After homogenization, we subsampled the soils for enzyme assays (2 g, stored at -18oC 
prior to analysis), and incubation to determine C and N mineralization rates (30 g, stored 
at 4oC prior to incubation). Remaining soil was stored at 4oC and used to determine pH, 
gravimetric water content (GWC), and estimate soil organic matter (SOM) by loss on 
ignition. To determine GWC, we dried approximately 15 g of soil from each core at 105oC 
in a VWR Scientific gravity oven (Robertson et al. 1999). Oven dry soils were ashed in a 
Lindberg/Blue box furnace at 550oC for 6 hours to determine SOM content (Salehi et al 
2011). Additionally, we measured soil pH in a 1:3 ratio of water to soil with a Metler-
Toldeo SevenCompact pH meter.  
 
2.3.4 Carbon and Nitrogen Cycling 
To distinguish between the influences climate driven by elevation and the influences of 
plant composition, we conducted a 24-d soil laboratory-incubation using standard soil 
methods (Robertson et al. 1999, Jefts et al. 2004). We adjusted the moisture of each soil 
sample to reach field capacity, and then split the 30 g subsample into two sub-samples. 




glass 1-quart Mason jars at lab temperatures for 28 days, and then extracted with 2M KCL. 
In addition to the soil sample cups, each incubation jar contained 10 mL of water to help 
maintain humidity. The second subsample was immediately extracted with 2M KCl to 
determine initial inorganic-N pool size. Soil extracts were analyzed for NH4 and NO3 using 
microplate methods developed by Forster (1995) and Doane and Horawth (2003). The 
difference between inorganic N pools in the incubated soil core minus initial soil pools 
were used to estimate rates of potential soil net N transformations over the incubation 
period (Hart et al. 1994) 
 We measured potential soil C-efflux in the incubations above using standard 
methods (Robertson et al. 1999). Briefly, CO2 samples were extracted from the headspace 
of the jars with a needle and syringe through septa fitted on the top of each incubation jar. 
We analyzed these samples with infra-red gas analysis using a LI-COR® L18-100A after 
days 1, 2, 4, 8, 16, and 28 of the incubation. Incubation jars were flushed for two minutes 
with ambient air after each collection. Total CO2 evolved after 28 days was calculated by 
adding the CO2-C evolved at each of the sampling dates.  
We also assessed potential soil microbial activity and function by assaying for 
seven ecologically relevant enzymes: -glucosidase, -glucosidase, cellobiohydrolase, -
xylosidase, -N-acetylglucosaminidase, acid phosphatase, and peroxidase. We measured 
enzymes using the 4-methylumbelliferyl (MUB)-linked substrates b-D-glucopyranoside, 
a-D-glucopyranoside, b-D-cellobioside, 7-b-D-xylopyranoside, N-acetyl-b-D-
glucosaminide, phosphate disodium salt, as well as 0.30% hydrogen peroxide, as outlined 




extracellular enzymes when they externally digest organic material, and the enzymes they 
produce should reflect what nutrients the microbial community is needing to maintain 
growth (Moorhead and Sinsabaugh 2006). The first five enzymes assist with the breakdown 
of energy sources such as carbohydrates and polysaccharides (O’Connell 1987; Eivazi and 
Tabatabai 1988; Sinsabaugh 1994; Eivazi and Bayan 1996; Boerner et al. 2000). N-acetyl-
glucosamindase is involved in the mineralization of N from chitin (Olander and Vitousek 
2000), phosphatase is involved in the release of inorganic phosphorus (Eivazi and 
Tabatabai 1977; Bergemeyer 1983; Tarafdar et al. 1989). Six of the extracellular enzyme 
assays we conducted are fluorometric and were read at 365 nm excitation and 450 nm 
emission with a BioTek SynergyHT microplate reader 60 seconds after an addition of 20 
L 0.5 M NaOH to end the incubation. Absorbance of peroxidase enzyme activity, which 
is not fluorometric, was read at 460 nm. We calculated enzyme activities as μmol [product] 
g dry soil-1 h-1 and then we divided each rate by measured SOM in order to express the 
values per unit of carbon (μmol [product] g SOM-1 h-1).  
Similar to plant diversity, we calculated soil functional diversity using Hulbert’s 
PIE. In order to resolve the issue of certain enzymes naturally occurring at much higher 
levels than others (i.e. μmol peroxidase h-1 g-1 ranged from 3.31 to 36.50, while μmol -
glucosidase h-1 g-1 ranged from undetectable to 0.03), we transformed values to a zero-to-
one basis by dividing all activity levels per enzyme by the highest value across plots 
(Rodriguez-Loinaz et al. 2008). We transformed the data on an individual core basis (n = 







2.3.5 Statistical analyses 
With the exception of soil functional diversity, we used an average of  the three soil cores 
collected within each plot, resulting in 23 values. We then conducted all the analyses for 
this study using RStudio (R Studio Team 2015), with the exception of the correlation 
matrix and stepwise regressions, which we calculated using JMP (JMP version 14.0.0). We 
log transformed soil organic matter and square root transformed conifer proportion of the 
total basal area to attain normal distributions for regressions. We used bivariate linear 
regressions with the resulting dataset to assess the strength of known ecologically relevant 
predictor variables on each of the three measured microbial functions. We used regression 
trees to investigate potential interactions between variables in predicting mineralization 
rates using the rpart package in R (Therneau et al. 2019). Regression trees can assist in 
explaining variation in a response variable by splitting data into groups based on thresholds 
in predictor variables. These thresholds are selected to maximize the difference in response 
variable means that are grouped into each node (or “leaf”) of the regression tree (De’ath 
and Fabricius 2000). We then made a correlation matrix to determine co-varying factors in 
the full dataset of predictor variables. Predictor variables with a correlation coefficient 
greater than 0.5 were then removed, and we selected relevant predictor variables from these 
colinear groups based on a priori knowledge of ecological importance. Finally, we used a 




soil variables to create multiple regression models for each soil function, selecting for the 
lowest corrected Akaike’s information criterion (AICc).  
 
2.4 RESULTS 
2.4.1 Gradient characteristics 
Actual evapotranspiration (AET) varied predictably across the gradient – plots at low 
elevations were warmer and received less precipitation than plots at higher elevations (see 
Supplemental Figure 2). AET ranged from 447 mm year-1 at the lowest elevation plot to 
378 mm/year at the highest elevation plot. We recorded 13 overstory species across the 23 
plots, along with 45 understory species; 10 of the overstory species also occurred in the 
understory in some plots (Appendix A). Within plot overstory richness ranged from 2 to 6 
species, while understory richness ranged from 6 to 20 species. Understory diversity (PIE) 
was similar across the gradient, while understory percent cover decreased with elevation 
(r2 = 0.19, p = 0.036). However, overstory functional type changed significantly across the 
elevational gradient (Supplemental Figure 2; r2 = 0.56, p < 0.001). Above 800 m asl, greater 
than half of the overstory basal area consisted of conifers (red spruce and balsam fir), 
though total basal area and canopy gap did not significantly differ with elevation. 
Additionally, overstory PIE was not found to be significantly related to understory PIE or 
understory percent cover. Proportion of conifers was not significantly related to understory 
PIE but was significantly related to understory total cover (r2 = 0.29, p < 0.008). Thus, 





Across the gradient, soil pH ranged from 3.31 to 4.62 and soil organic matter (SOM) 
ranged from 0.17 to 0.91 g SOM g dry soil-1. SOM was positively related to the proportion 
of conifers in the overstory community (r2 = 0.31, p = 0.006); however, there was no 
significant relationship between SOM and elevation (p = 0.12). Plots with less than 50% 
conifers (n = 15) had a mean elevation of 610 m asl and mean SOM content of 0.32 g SOM 
g dry soil-1, while plots with greater than 50% conifers (n = 8) had a mean elevation of 961 
m asl and a mean SOM content of 0.51 g SOM g dry soil-1.   
 
2.4.2 Carbon and Nitrogen cycling 
Potential C mineralization rate (g CO2-C respired g SOM-1 day-1) was positively related 
with elevation (r2 = 0.30, p = 0.006), with the highest mineralization rates occurring at 1090 
m asl and the lowest rates occurring at 550 m asl (Figure 1 a). Across all the variables we 
measured, conifer basal area (m2 ha-1) was the best single predictor of carbon 
mineralization rates, explaining 35% of the variation (p = 0.003, Figure 1 c). AET was the 
next best predictor, explaining 33% of variation in C mineralization p = 0.004, Figure 1 d). 
Activity of -glucosidase rates, which degrades simple complexes into glucose, was also 
significantly explanatory variable for C mineralization (r2 = 0.21, p = 0.029). Regression 
tree analysis first split carbon mineralization rates by AET (above or below 399.5 mm year-
1), then further split plots with higher AET by aspect (above or below 115) (Figure 1 b). 
These splits are visualized on the scatterplots with points colored according to regression 
tree terminal nodes, showing that almost all plots with C mineralization rates below 




facing between 30 and 115. We investigated if plots from the lowest C mineralization 
terminal node had a separate, distinct pattern from other plots along this gradient. We found 
that these plots did not have a significant relationship with elevation when analyzed 
separately (r2 = 0.28, p = 0.13, n = 8), though the strength of the relationship across the 
gradient between C mineralization and elevation increased when these plots were instead 





































Figure 1. Potential carbon mineralization along the elevation gradient (r2 = 0.30, p = 0.006) (a) 
with point colors according to regression tree terminal nodes (b). In bivariate regression analysis, 
carbon mineralization was best explained by actual evapotranspiration (r2 = 0.33, p = 0.004) (c) 
and conifer basal area (r2 = 0.35, p = 0.003) (d). Vertical line on panel (d) drawn to visualize the 
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Potential N mineralization rates were positively related to elevation (r2 = 0.42, p < 0.001, 
Figure 2 a). The highest and lowest rates of N mineralization occurred at 957 and 555 m 
asl when calculated per m2 (g NO3-N + NO4-N m-2 day-1) (r2 = 0.24, p = 0.018), while the 
highest and lowest rates were found at 897 and 789 m asl when calculated per gram SOM 
(g NO3-N + NO4-N g SOM-1 day-1) (r2 = 0.43, p < 0.001, Figure 2 a). Overall, the best 
predictor of N mineralization rates in the gradient was the proportion of conifers of the 
total basal area, explaining 52% of the variation (p < 0.001; Figure 2 d). AET was the next 
best single predictor, explaining 37% of the variation in N mineralization rates (p < 0.002; 
Figure 2 c). Regression tree analysis first split plots along conifer proportion of the total 
basal area (Figure 2 b). Plots with a total basal area with greater than 47% conifer were 
grouped together and showed the highest mineralization rates along the gradient (vertical 
line on Figure 2 d), while plots with less than 47% conifers in the total basal area were then 
split again according to canopy gap (above or below 5.44%). Plots with dense canopy cover 
had higher mineralization rates than those with less cover. These splits are visualized on 
the scatterplots with points colored according to regression tree terminal nodes. N 
mineralization rates showed a potential second relationship with elevation (depending on 
these splits) in a similar, through less pronounced, way to C mineralization rates. When 
plots from the two terminal nodes with higher N mineralization rates were considered 
together, we found a positive relationship between N mineralization and elevation (r2 = 
0.41, p = 0.01, n = 14). We found no significant relationship between N mineralization and 
elevation in plots in the terminal node with mineralization rates below 0.5 g NO3-N + 




line including all plots across the gradient explained more variation than assuming there 
were multiple patterns occurring.  
 
           
 
 
















Figure 2. Potential soil nitrogen mineralization rates along the elevation gradient (r2 = 0.42, p < 
0.001) (a) with point colors corresponding to the regression tree terminal nodes (b). In bivariate 
regression analysis, nitrogen mineralization was best explained by the proportion of conifers in a 
plot (r2 = 0.52, p < 0.001) (d) and actual evapotranspiration (r2 = 0.37, p = 0.002) (d). The vertical 
dotted line on panel (d) indicates the break for the first split in the regression tree (47% conifers in 
the total basal area). 
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We investigated if the observed lower N mineralization rates (< 0.5 g N g SOM-1 
day-1) were from the same plots as the observed lower C mineralization rates (< 40 g C g 
SOM-1 day-1) and found that approximately half of the plots were shared between these two 
groupings. We found that C mineralization rates were not significantly related to N 
mineralization rates when calculated per unit SOM (r2 = 0.067, p = 0.23), but were 
significantly related when N mineralization was calculated per m2 (r2 = 0.24, p = 0.018) 
(See Supplemental Figure 3 d). Ammonification rates (g NH4+-N g SOM-1 day-1) were 
positively related to the proportion of conifers in the overstory tree community (r2 = 0.56, 
p < 0.001) and AET (r2 = 0.36, p < 0.003), and negative related to -xylosidase activity (r2 
= 0.37, p = 0.002), which indicates hemicellulose degradation (Kukarni et al. 199) (Figure 
3 a and b). Potential nitrification rates (g NO3--N g SOM-1 day-1) did not vary significantly 
across the watershed and were best explained soil functional diversity index calculated 
from enzyme activities (r2 = 0.18, p = 0.045) (Figure 3 c). No other variable collected in 
this study showed a significant relationship with nitrification rates across the gradient. N 
mineralization rates reflected the positive relationship between ammonification and 







       
 













Figure 3. Potential soil ammonification rates were negatively related to -xylosidase (a) (r2 = 0.37, 
p = 0.002) and positively related to the proportion of conifers (b) (r2 = 0.56, p < 0.001). Potential 
soil nitrification rates did not vary significantly across the watershed and were best explained by 
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2.4.3 C and N mineralization models 
We used the results from a correlation matrix to group predictor variables with correlation 
coefficients greater than 0.5. The most ecologically relevant variables in each group were 
selected for inclusion in forward moving stepwise regressions. The remaining variables 
were excluded from the analysis to avoid multicollinearity. For example, total basal area, 
conifer basal area, and proportion of conifers in the total basal area were all related to each 
other with a correlation coefficient greater than 0.5 – therefore, conifer proportion of the 
total basal area was chosen as an input for model selection, while the first two variables, 
total basal area, and conifer basal area, were rejected. Gravimetric water content and bulk 
density were excluded from the analysis because they were related to soil organic matter 
content, which was used to calculate mineralization rates per gram soil organic matter. 
Inputs for model selection included 15 predictor variables: AET, aspect, slope, pH, canopy 
gap, understory richness, diversity, and total cover, the six enzymes which did not co-vary 
(cellobiohydrolase was removed to avoid multicollinearity), and the index of soil 
functional diversity (SFD). Due to high correlations between overstory functional type, 
AET, and several other variables (SOM, bulk density, GWC, total basal area, understory 
total cover), conifer proportion in the total basal area was removed as an input for C 
mineralization model selection despite its potential relevance for soil microbial function. 
For N transformation models, the proportion of conifers in the total basal area was included 
instead of AET despite its correlation with SOM (r = 0.55), as it was the best single 





The C mineralization model with the lowest AICc included AET, understory 
diversity, and two enzyme activities (peroxidase and acid phosphatase). These four 
variables explained 51% of the variation in C mineralization (C mineralization rate = 239.7 
– (.6) AET + 42.1 (understory PIE)2 + (.94) peroxidase activity g SOM-1 hr-1+ (5.6) acid 
phosphatase activity g SOM-1 hr-1). N mineralization rates were best predicted (60%) by 
the proportion of conifers in the overstory as well as the activity of -xylosidase, a C 
degrading enzyme (p = 0.001) (N mineralization rate = 0.80 + (1.32) Conifer proportion – 
(3.24) -xylosidase activity g SOM-1 hr-1).  The stepwise regression selected the proportion 
of conifers and -xylosidase activity g SOM-1 as the best predictors of ammonification 
rates, explaining 62% (p = 0.001) of the variation in ammonification across the gradient 
(Ammonification rate = 8.2 + (6.9) Conifer Proportion – (29.4) -xylosidase activity g 
SOM-1 hr-1). The nitrification model with the lowest AICc included only the soil functional 
diversity index (Figure 3 c) which explained 18% of the variation in nitrification rates (p = 
0.045) (Nitrification rate = -0.94 + (1.03) SFD). 
 
2.5 DISCUSSION 
To explore the influence of climate, plant composition, relief, and edaphic properties on 
forest C and N cycling, we measured plant composition, soil properties, and soil function 
in a forested Vermont watershed in the USA. We predicted that conifer basal area would 
increase with elevation and that high elevations would be cooler and wetter. Further, we 
predicted that carbon cycling, nitrogen cycling, and soil microbial enzyme activity would 




percentage of conifers in high elevations, and the climate was cooler and wetter than lower 
elevations (Supplemental Figure 2). However, contrary to our predictions, carbon and 
nitrogen cycling increased with conifer basal area and decreasing AET, and potential 
enzyme activities were similar along the gradient and  with different plant compositions. 
Overall, we explained 51% of the variation in potential C mineralization using AET, 
understory diversity, and the activity of peroxidase (carbon mineralizing though lignin 
degradation) and acid phosphatase (phosphorous mineralizing) soil enzyme activity, and 
explained 60% of the variation in N mineralization using the proportion of conifers in a 
plot and -xylosidase (hemicellulose degrading) soil enzyme activity. Taken together, our 
results indicate that C cycling in this watershed is influenced by both climate and 
vegetation, and that changes in overstory composition have a larger effect on N cycling 
rates than changes in climate.  
 Climate and the overstory plant composition, here conifer basal area, strongly 
influenced potential soil carbon cycling in this watershed. While we are unable to tease 
apart AET and conifer basal due to their correlation, a regression tree analysis indicted that 
the effect of AET on C cycling was modulated by aspect when AET was above 
approximately 400 mm year-1. Thus, microclimate conditions were important in 
determining C cycling. Understory diversity, and the activity of a carbon and a phosphorus 
mineralizing enzyme were also important in predicting C cycling rates, though we did not 
observe an increase in potential carbon mineralizing enzymes with elevation. Similar to 
our results, another study in New England at Hubbard Brook found that potential C cycling 




incubated in the field and not in the laboratory (Groffman et al. 2009). One potential 
explanation for the positive pattern we, and the Hubbard Brook study, observed between 
C mineralization and elevation is an evolutionary adaptation of the soil microbial 
community where microbes adapted to plots with warmer climates may constrain their 
metabolic activity under warmer temperatures (Bradford et al. 2019). Therefore, when 
incubated under a common temperature, soils from a lower elevation may have a depressed 
respiration rate compared to soils from a higher elevation. Alternatively, there could simply 
be different soil microbial communities across the gradient leading to variation in potential 
C mineralization rates (Whitaker et al. 2014), or microbial respiration could increase if the 
metabolic costs in breaking down conifer litter at high elevations was high (Frey et al. 
2013; Sinsabaugh et al. 2013). While we did not test these mechanisms, it is clear that 
climate and plant community composition affect C cycling in this forested watershed.  
Surprisingly, and counter to our hypothesis, potential soil N mineralization 
increased with elevation across the watershed. Increased potential soil N mineralization 
rates were best explained by the proportion of conifers and AET. Results of the regression 
tree analysis indicated that canopy gap modulated the effect of overstory composition on 
N cycling when conifer presence was low. This pattern suggests that both total vegetative 
cover and microclimate influenced potential N mineralization rates under low conifer 
presence.  The model that best predicted soil potential N mineralization rates (60% of the 
variation) included the proportion of conifers in the overstory and the activity of the C 
mineralizing enzyme -xylosidase, which plays a large role in the degradation of 




may indicate greater levels of total N (Waldrop et al. 2000). As was seen in a similar study 
at Hubbard Brook, we found a positive relationship between nitrogen mineralization rates 
and elevation (Groffman et al. 2009). However, the Groffman et al. (2009) study indicated 
that limits to soil water were an important driver of N-min and we controlled for soil 
moisture in our incubations. Along an elevational gradient in the southeastern US, N 
cycling and elevation were also positively correlated, though there the researchers 
attributed their observed pattern to an increased N pool at higher elevations (Bonito et al 
2003). In the Ranch Brook watershed, N mineralization rates may be higher at higher 
elevations due to greater N deposition rates at high elevations (Prescott et al. 2000; Driscoll 
et al. 2003). Interestingly, we did not see an increase in nitrification rates with elevation 
that the two above studies observed, and total N mineralization rates reflected observed 
ammonification rates. 
Ammonification was best explained by a positive relationship with the proportion 
of conifers at a site, and a negative relationship with AET. Ammonification rates were 
higher than nitrification rates in our study, and the best predictors of N mineralization were 
also the best predictors of ammonification. The best model explained 62% of the variation 
in ammonification rates across the gradient and included proportion of conifers and activity 
of -xylosidase. Unlike ammonification, nitrification rates were not related to elevation. 
Nitrification is carried out by a low diversity of autotrophic bacteria that oxidize reduced 
forms of nitrogen to less reduced forms – conversion of ammonium to nitrate is therefore 
dependent on both the amount of available ammonium and optimal microbial conditions 




were only explained by the soil functional diversity index, which amounts to a measure of 
evenness here, as enzyme activities were detectable for almost every replicate. In other 
studies, decreased soil nitrification rates were found in areas dominated by red spruce, 
while increased soil nitrification rates were found in areas dominated by sugar maples 
(Lovett and Mitchell 2004; Ross and Wemple 2011), and still other studies have found 
increased nitrification with elevation (Knoepp and Swank 2001; Groffman et al. 2009; 
Venterea et al. 2003). In this study, red spruce and sugar maple did not co-occur. A lack of 
a positive relationship between nitrification rates and elevation in this study could result 
from conifers suppressing soil nitrification rates at higher elevations combined with sugar 
maples enhancing soil nitrification rates at lower elevations.  
Our data suggested that no single factor (i.e. climate versus dominant species) 
governed potential soil microbial function in this mountain watershed – though carbon 
dynamics individually were more influenced by climate, and nutrient dynamics were more 
influenced by the dominant vegetation. Expanding the study range across New England 
forests to see if this pattern holds across multiple gradients would be an important next step 
in understanding how climate and forest type influences soil microbial functions such as C 
and N cycling. Experiments along gradients would contribute to untangling drivers and 
controlling for unmeasured variables in these systems with covarying drivers of function 
(Sundqvist et al. 2013). In particular, reciprocal transplant experiments between sites of 
similar dominant vegetation could be used to isolate biotic influence from climate 




understanding the mechanism behind the positive relationship with C and N mineralization 
in this gradient.  
Understanding how forest plants, soils and climate interact with one another to 
provide ecosystem functions is an important research challenge – forests, and their soils, 
in the northeastern US  provide numerous ecosystem services ranging from water 
purification to carbon sequestration to timber provisioning (Mooney et al. 2009), and 
global changes that lead to shifts in soil temperature and moisture regimes or changes in 
plant community composition are altering the functioning of these forests (Melillo et al. 
2011). While temperature and moisture availability drive ecosystem function at broad 
scales and biotic factors typically drive function at the regional scale, we observed that 
potential microbial activity and mineralization rates of soils at the mountain watershed 
scale was best explained by a combination of both abiotic and biotic factors. Our results 
point to dominant vegetation as an important driver of nutrient dynamics in this study 
watershed, and the role of both climate and vegetation in carbon mineralization rates. These 
findings and those of future projects may be useful in informing decisions to manage 






2.6     SUPPLEMENTAL 
 
 
Supplemental Figure 1. The distribution of study plots located within the Ranch Brook 






Supplemental Figure 2. Variation in climate, vegetation, and soil pH among the 23 plots relative 
to elevation. Regression line, r2 and p value are displayed when the relationships were significant 
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r2 = 0.56, p < 0.001 
r2 = 0.19, p = 0.036 





                    
 
 
Supplemental Figure 3. Potential N mineralization (r2 < 0.001, p = 0.97) (a), potential 
ammonification rates (r2 = 0.24, p = 0.017) (b), and potential nitrification rates (r2 = 0.24, p = 0.018) 
(c) rates per m2 relative to elevation. Potential N mineralization rates were positively related to 
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Supplemental Figure 4. No significant relationships were observed between any of the potential 
soil enzyme activities measured and elevation.  
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Figure 6.  Two outliers (5+ standard deviations from the mean) of -N-
acetylglucosaminidase and -glucosidase were removed from the analysis.  
